The spirochete Treponema pallidum subsp. pallidum is the causative agent of syphilis, a chronic, sexually transmitted infection characterized by multiple symptomatic and asymptomatic stages. Although several other species in the genus are able to cause or contribute to disease, T. pallidum differs in that it is able to rapidly disseminate via the bloodstream to tissue sites distant from the site of initial infection. It is also the only Treponema species able to cross both the blood-brain and placental barriers. Previously, the T. pallidum proteins, Tp0750 and Tp0751 (also called pallilysin), were shown to degrade host proteins central to blood coagulation and basement membrane integrity, suggesting a role for these proteins in T. pallidum dissemination and tissue invasion. In the present study, we characterized Tp0750 and Tp0751 sequence variation in a diversity of pathogenic and nonpathogenic treponemes. We also determined the proteolytic potential of the orthologs from the less invasive species Treponema denticola and Treponema phagedenis. These analyses showed high levels of sequence similarity among Tp0750 orthologs from pathogenic species. For pallilysin, lower levels of sequence conservation were observed between this protein and orthologs from other treponemes, except for the ortholog from the highly invasive rabbit venereal syphilis-causing Treponema paraluiscuniculi. In vitro host component binding and degradation assays demonstrated that pallilysin and Tp0750 orthologs from the less invasive treponemes tested were not capable of binding or degrading host proteins. The results show that pallilysin and Tp0750 host protein binding and degradative capability is positively correlated with treponemal invasiveness.
P
athogenic Treponema species include Treponema pallidum subspecies pallidum (syphilis), T. paraluiscuniculi (rabbit venereal syphilis), T. denticola (one of the species contributing to the polymicrobial infection periodontitis), and T. phagedenis (a constituent of the polymicrobial infection bovine digital dermatitis). Of the Treponema species, T. pallidum subsp. pallidum (here referred to as T. pallidum) is the most medically important, causing a sexually transmitted, multistage disease in more than 11 million people each year (1) and increasing the risk for HIV acquisition and transmission (2) . The public health importance of this disease underscores the need to identify T. pallidum proteins that are directly involved in pathogenesis. However, the fact that the pathogen is inherently fragile due to its unusual ultrastructure (3, 4) , combined with its inability to be cultured continuously in vitro, has hindered identification of T. pallidum virulence factors. Analysis of the genome sequence has not identified any virulence factors found in other microbial pathogens, such as toxins or adhesins, that could shed light on the infection process for this important human pathogen (5) .
Treponema pallidum subsp. pallidum is the most invasive of the treponemal species and one of the most invasive pathogens identified to date. Infection with T. pallidum typically manifests as a painless chancre at the site of infection approximately 3 weeks after pathogen exposure (6) . Multiple studies have demonstrated that the pathogen is capable of invading tissue barriers and undergoing rapid widespread dissemination via the circulatory system (7) (8) (9) (10) . The highly invasive nature of T. pallidum is further highlighted by its ability to traverse the placental barrier to cause congenital syphilis and the blood-brain barrier to invade the central nervous system (9) and by the diverse and widespread clinical manifestations associated with secondary and tertiary syphilis (6) . Numerous mechanisms have been suggested to contribute to the invasiveness and persistence of T. pallidum, including its corkscrew motility (4, 11) , chemotactic ability (6), antigenic variation capability (6, (12) (13) (14) (15) (16) (17) , low outer membrane protein content (18, 19) , host component adhesion capabilities (20) (21) (22) (23) (24) , and its ability to cause host damage by inducing host-mediated inflammatory and immune responses (6) .
Our laboratory previously identified and characterized two proteins, pallilysin (Tp0751) and Tp0750, that bind and degrade host components. Pallilysin exists as a proprotease that, upon activation through cleavage of the prodomain, binds and degrades laminin (basement membrane lining blood vessels), fibrin, and fibrinogen (a component of the host's coagulation cascade that functions to entrap bacteria and prevent dissemination), while Tp0750 binds fibrinogen and is also capable of degrading fibrinogen and fibronectin, but not fibrin (21, (23) (24) (25) . The genes encoding Tp0750 and pallilysin are cotranscribed and the two proteins coassociate to form a heterodimeric complex in vitro, suggesting shared function (24) . The results from opsonophagocytosis assays are in support of pallilysin residing on the treponemal surface, suggesting pallilysin can directly mediate host-pathogen interactions (25) . These findings implicate T. pallidum-mediated host component degradation as an additional pathogenic mechanism promoting treponemal invasion and dissemination during infection.
In the present study, we identified and compared orthologs of Tp0750 and pallilysin in a diversity of Treponema species. We also performed in vitro assays to determine the host component binding and degradation potential of selected pallilysin and Tp0750 orthologs. We show that Tp0750 is well conserved in pathogenic treponemes, whereas pallilysin has limited overall sequence conservation. Further, we show that Tp0750 and pallilysin from T. pallidum, but not the orthologous proteins from two less invasive treponemes, are capable of binding and degrading host components. These findings suggest that the pallilysin and Tp0750 proteins may contribute to the difference in invasiveness observed among the Treponema species.
MATERIALS AND METHODS

Identification of Tp0750 and pallilysin orthologs in 19
Treponema species. As a first step, we identified orthologs of Tp0750 and pallilysin using BLASTp, T. pallidum query sequences (Tp0750 [NP_219187] and Tp0751/pallilysin [NP_219188]) and the National Center for Biotechnology Information (NCBI) nr database. All identified orthologs had an obvious E value cutoff, above which E values rose to greater than zero. This value was 2 ϫ 10 Ϫ5 for Tp0750 and 2 ϫ 10 Ϫ6 for pallilysin. In the second step, amino acid sequences of the orthologs were aligned using CLUSTAL W2 (for multiple alignments, www.ebi.ac.uk/tools/msa/clustalw2), EMBOSS Needle (for pairwise alignments, www.ebi.ac.uk/tools/psa /emboss_needle), and by hand within the BioEdit sequence alignment editor (26) . The accession numbers used to perform the alignments are listed in Table S1 in the supplemental material. Amino acid sequence homology analysis was also performed using the NCBI conserved domain database search (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (27) . The SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP/) (28) and the LipoP 1.0 server (http://www.cbs.dtu.dk/services/LipoP/) (29) were used to predict the presence and location of potential signal peptide cleavage sites and lipoprotein signal peptides, respectively. The number of amino acids, the predicted molecular masses, and the theoretical isoelectric points (pIs) of each Tp0750 and pallilysin ortholog were computed using ProtParam (http://web.expasy.org/protparam/).
To display amino acid sequence similarity and dissimilarity we generated a "WebLogo" for the region of pallilysin between amino acid residues L 126 and Y 224 (http://weblogo.berkeley.edu/) (30) . Sequence logos are graphical representations of a multiple amino acid sequence alignment comprised of stacks of amino acids at each position in the aligned sequence. Increasing stack height (bit value) indicates increasing amino acid conservation at the corresponding position. Increasing amino acid residue height within each stack indicates a higher amino acid frequency at the corresponding position (30) .
Phylogenetic analysis of pallilysin orthologs. A phylogenetic tree of Treponema pallilysin ortholog sequences corresponding to the C-terminal region (L 126 -Y 224 ) was inferred using the neighbor-joining method (31) . The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) was calculated (32) . The tree was drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the JTT matrix-based method (33) and were in the units of the number of amino acid substitutions per site. All ambiguous positions were removed for each sequence pair. There were a total of 100 amino acid positions in the final data set. Evolutionary analyses were conducted using MEGA (Molecular Evolutionary Genetics Analysis) 5 software (34) . The tree was rooted in a way that was consistent with taxonomy, which was based upon species-level relationships determined from 16S rRNA sequences (35) .
Ethics statement. All animal studies were approved by the local institutional review board at the University of Victoria and were conducted in strict accordance with standard accepted principles as set forth by the Canadian Council on Animal Care and the National Institutes of Health in a facility accredited by the American Association for the Accreditation of Laboratory Animal Care.
Bacterial growth and genomic DNA purification. T. pallidum subspecies pallidum (Nichols strain) was propagated in, and extracted from, New Zealand White rabbits as described elsewhere (36) . Treponema denticola (strain ATCC 35405) was kindly provided by Sheila Lukehart (University of Washington) and was grown at 37°C in prereduced, anaerobic TYGVS medium (37) supplemented with 10% heat-inactivated normal rabbit serum (Sigma-Aldrich Canada, Ltd., Oakville, Ontario, Canada) in the presence of 10 g of rifampin ml
Ϫ1 . Treponema phagedenis (strain 4A) was isolated from lesions on Iowa dairy cattle as previously described (38) . Treponema phagedenis was grown in prereduced, anaerobic oral treponeme isolation broth (39) containing 10% heat-inactivated fetal bovine serum (Sigma-Aldrich Canada, Ltd.) and 25 g of rifampin ml
Ϫ1 . All cultures were grown in Oxoid anaerobic jars (Fisher Scientific, Ottawa, Ontario, Canada) under anaerobic conditions (Ͻ1.0% oxygen, 9 to 13% carbon dioxide) using Oxoid AnaeroGen packs (Fisher Scientific). Genomic DNA was purified from treponemes using the Qiagen DNeasy tissue kit (Qiagen, Toronto, Ontario, Canada). All DNA purifications were conducted according to the manufacturer's instructions for Gramnegative bacteria, with the following modification: the recommended amount of proteinase K (20 l per purification) was increased 2-fold during the cell lysis step to ensure maximal genomic DNA recovery.
Construct cloning. DNA fragments encoding S 29 -E 491 of Tde0840 (Tp0751 ortholog) and G 23 -P 220 of Tde0841 (Tp0750 ortholog) were PCR amplified from T. denticola (strain ATCC 35405) genomic DNA using the primers listed in Table 1 (23) (24) (25) . All constructs were confirmed as correct by DNA sequencing.
Recombinant protein expression and purification. Recombinant Tp0750, wild-type pallilysin, inactive pallilysin (E 199 A), and the control protein Tp0327 were expressed and purified as previously described (24, 25) . Recombinant orthologs of Tp0750 (Tde0841 and DD750) and pallilysin (Tde0840 and DD751) were expressed and purified under identical conditions used for the corresponding T. pallidum proteins to ensure consistent levels of protein purity between each ortholog.
Host proteins. Plasminogen-depleted human fibrinogen and bovine casein (both from Calbiochem) were purchased from VWR International (Mississauga, Ontario, Canada). Laminin isolated from Engelbreth-Holm-Swarm murine sarcoma basement membrane and fibronectin isolated from human plasma were purchased from SigmaAldrich Canada, Ltd.
Host protein binding and degradation assays.
To compare the host protein-binding capabilities of pallilysin, Tp0750, Tde0840, Tde0841, DD751, and DD750, plate-based in vitro host protein binding assays were performed as previously described (21) with the modifications that wells were blocked with 0.001% casein prepared in Tris-buffered saline and the level of host component background binding to the control protein Tp0327 was subtracted from the experimental wells.
To compare the host protein-degrading capabilities of Tp0750, Tde0841, and DD750, SDS-PAGE-based in vitro host protein degradation assays were performed as previously described (23) (25) was included in the assays as the negative-control recombinant protein (40 g per assay). The reaction mixtures were incubated at 37°C for 24 h. Samples were removed at 0, 4, and 24 h postincubation and analyzed for degradation of the three fibrinogen chains (␣, ␤, and ␥), two fibronectin chains (␣ and ␤), or three laminin chains (A, B1, and B2) by SDS-PAGE and Coomassie brilliant blue staining. Unlike Tp0750, pallilysin is capable of degrading fluorescein isothiocyanate (FITC)-labeled substrates. Therefore, a fluorescence-based degradation assay was performed to compare the host protein-degrading capabilities of pallilysin, Tde0840, DD751, and inactive pallilysin (E 199 A) using our previously described methodology (23) with the following modifications. Recombinant proteins were diluted in protease reaction buffer (20 mM HEPES [pH 7.0], 25 mM CaCl 2 ) and preincubated at 37°C for 24 h. This preincubation step was performed since it has been demonstrated that attainment of full pallilysin proteolytic activity is dependent upon autocatalytic cleavage of an N-terminal prodomain, a process that can take up to 24 h in vitro (25) . The physiological pH of the buffer used for these studies (pH 7.0) was selected to be representative of the pH of the local environment encountered by the treponemes within the host. Recombinant proteins (1 g per well) were added in triplicate to sterile Corning Costar 96-well plates (Fisher Scientific) and incubated with FITC-labeled fibrinogen, fibronectin, or laminin (10 g per well) as previously described (23) .
RESULTS
Tp0750 orthologs are highly conserved in selected pathogenic
Treponema species. It has been demonstrated that Tp0750 binds and degrades host proteins involved in blood coagulation and fibrinolysis and may therefore contribute to the highly invasive nature of T. pallidum (24) . In order to determine whether Tp0750 orthologs are present in other treponemes, we used BLASTp and full-length Tp0750 (M 1 -D 223 ) as a query to survey the completed genomes included in the NCBI database. We found Tp0750 orthologs in 10/19 sequenced Treponema species, including T. paraluiscuniculi, T. phagedenis (bovine isolate strain 4A), T. phagedenis (human isolate strain F0421), T. medium, T. vincentii, T. pedis, T. denticola, T. putidum, T. azotonutricium, and T. bryantii. The biophysical properties of these 13 orthologs are summarized in Table 2 . BLASTp analysis failed to identify Tp0750 orthologs in the pathogenic treponemes T. socranskii, T. brennaborense, T. maltophilum, T. lecithinolyticum and in the nonpathogenic treponemes T. saccharophilum, T. primitia, T. succinifaciens, and T. caldaria. Interestingly, Tp0750 orthologs were also found outside Treponema in three Spirochaeta (smaragdinae, bajacaliforniensis, and cellobiosiphila) and one Leptonema (illini) species.
For the treponemal species in which a Tp0750 ortholog was found, the overall degree of sequence similarity was assessed by aligning the full-length sequences of the orthologs (Table 2 ). This analysis identified two subsets of Tp0750 orthologs: (i) orthologs from pathogenic treponemes that exhibit high amino acid identity to Tp0750 from T. pallidum and (ii) orthologs from nonpathogenic treponemes that have a lower sequence identity with Tp0750. The primary region of sequence divergence among the orthologs occurred in the C-terminal region (Fig. 1) . In particular, a unique C-terminal proline-rich region (PRR; encompassing the sequence R 195 -D 223 ) is found in the Tp0750 sequences from T. pallidum and T. paraluiscuniculi. Pairwise amino acid alignments were performed to compare residues M 1 -Y 194 of Tp0750 with the corresponding region from the orthologs. This analysis showed that Tp0750 exhibits a range of 54 to 99% sequence identity with orthologs from pathogenic treponemes, while Tp0750 and the orthologs found in the nonpathogenic treponemes demonstrated lower sequence identity ranges of 21 and 26% (Table 2) . Thus, similar to the full-length alignments, these analyses confirmed the highest conservation of Tp0750 orthologs occurs among pathogenic treponemal species.
Previous bioinformatic analyses of Tp0750 predicted the presence of a metal ion-dependent adhesion site (MIDAS)-containing Identical residues (black background) and similar residues (gray background) are highlighted. The NCBI conserved domain database search was used to identify potential MIDAS motifs (indicated by rectangles). Sequences were searched manually for the presence or absence of PRRs (rectangle). At each position of the consensus sequence, an asterisk indicates full conservation among the 11 treponemes, a colon indicates strong conservation, and a dot indicates lower conservation. (24) . Similar to Tp0750, NCBI CDD analysis predicted the presence of a vWFA domain within all orthologs, with conservation of the MIDAS motif (DXSXS. . .T. . .D) in all orthologs except for the T. azotonutricium ortholog (Fig. 1) . Tertiary structure prediction analyses using Phyre2 structure homology modeling server (40) predicted the structural similarity of 8/11 treponemal Tp0750 orthologs with the vWFA domain. This analysis was unable to generate high confidence structural models for the two low-identity orthologs from T. bryantii and T. azotonutricium and, surprisingly, the high sequence identity T. putidum ortholog. Further, the vWFA domain present within the protein likely was not acquired from the host in which the treponeme has a propensity to infect, since bioinformatic analyses did not detect homologs in vWFA-domain-containing proteins from humans, pigs, cows, or termites. Taken together, these findings demonstrate that approximately half of the treponemal species sequenced to date contain Tp0750 orthologs and that the sequence is highly conserved among pathogenic, but not nonpathogenic, treponemes.
Pallilysin orthologs are widespread within the genus Treponema. We repeated the BLASTp survey using T. pallidum pallilysin as a query and found orthologs in all 19 Treponema species whose genomes have been sequenced. For the current analyses, we focused on 13 representative pallilysin orthologs from genetically and phenotypically characterized treponemes identified by BLASTp searches, including pathogenic species (T. pallidum, T. paraluiscuniculi, T. phagedenis [strain 4A], T. phagedenis [strain F0421], T. medium, T. vincentii, T. pedis, T. denticola, T. socranskii, and T. lecithinolyticum) and nonpathogenic species (T. primitia, T. saccharophilum, and T. succinifaciens). The biophysical properties of these 13 orthologs are summarized in Table 3 .
Pallilysin from the highly invasive treponemes T. pallidum and T. paraluiscuniculi was smaller (predicted molecular masses of 25.8 kDa) than pallilysin orthologs from the 11 less invasive treponemes (Table 3) . With the exception of the T. saccharophilum ortholog (89.0 kDa), the predicted molecular masses of the remaining orthologs range from 54.4 to 59.4 kDa. Our amino acid alignment showed that difference is primarily due to extended N-terminal regions (ϳ100 to 120 residues) and C-terminal regions (ϳ120 to 130 residues or ϳ410 residues [T. saccharophilum ortholog]) that are absent from the T. pallidum and T. paraluiscuniculi orthologs (Fig. 2) . Analyses using NCBI conserved domain database searches did not uncover conserved domains within these N-and C-terminal regions and BLASTp analyses indicated that the terminal regions of the larger pallilysin orthologs are unique to these treponemal proteins. These analyses identified the central region of the pallilysin sequence, corresponding to amino acid residues L 126 -Y 224 , as being the most conserved among pallilysin orthologs. Pairwise amino acid alignment of this region of T. pallidum pallilysin with the ortholog from T. paraluiscuniculi revealed 100% amino acid identity, while alignment with the other 11 orthologs from less invasive treponemes revealed lower levels of pallilysin sequence conservation (26 to 47%; Table 3 ). This is well illustrated by WebLogo analysis of the 13 pallilysin orthologous sequences corresponding to residues L 126 to Y 224 (Fig. 3) . Interestingly, the HEXXH motif that has been previously shown in T. pallidum pallilysin to be important for host-component degradation (25) was observed solely in the ortholog from T. paraluiscuniculi.
T. pallidum pallilysin is phylogenetically distinct from orthologs of less and noninvasive treponemes. To assess the evolutionary conservation of T. pallidum pallilysin among the treponemal orthologs, a phylogenetic tree as inferred from sequences corresponding to the most conserved region of T. pallidum pallilysin (L 126 -Y 224 ) was constructed using the neighbor-joining method (Fig.  4) . In accordance with the homology-based results described above, this analysis revealed that the pallilysin sequence from T. pallidum is most closely related to the T. paraluiscuniculi orthologous sequence. Both sequences are most closely related to the homologs from the human and bovine T. phagedenis isolates. However, the phylogenetic tree inferred that this four-protein cluster descended from a common ancestor with only moderate reliability (bootstrap percentage, 44%). This analysis also placed T. pallidum pallilysin with 90% confidence in a well-defined major cluster containing more distantly related orthologs from T. vincentii, T. medium, T. denticola, and T. pedis. The T. pallidum pallilysin sequence was estimated to be less related to orthologous sequences 
FIG 2
Amino acid alignment of full-length treponemal pallilysin orthologs. Amino acid sequences of 13 pallilysin orthologs were aligned using CLUSTAL W2 and the BioEdit sequence alignment editor. Identical residues (black background) and similar residues (gray background) are highlighted. At each position of the consensus sequence, an asterisk indicates full conservation among the 13 orthologs, a colon indicates strong conservation, and a dot indicates lower conservation. from a well-defined cluster comprising T. lecithinolyticum, T. socranskii, T. saccharophilum, and T. succinifaciens. Together, these findings indicate that the pallilysin sequence has maintained more conservation within pathogens compared to nonpathogens during the course of treponemal evolution. However, the long branch lengths and separation of pallilysin orthologous sequences into welldefined clades on the phylogenetic tree demonstrates that, with the exception of the rabbit venereal syphilis-causing T. paraluiscuniculi ortholog, the most conserved region of T. pallidum pallilysin (L 126 -Y 224 ) has diverged significantly from its most closely related orthologs in less invasive treponemes throughout the course of evolution.
Unlike T. pallidum Tp0750 and pallilysin, orthologs from less invasive treponemes do not bind or degrade host proteins. It has been demonstrated that Tp0750 and pallilysin bind and degrade host proteins and therefore are predicted to be important in promoting T. pallidum tissue invasion and dissemination during infection (23, 24) . In order to experimentally compare the binding and proteolytic capabilities of Tp0750 and pallilysin with orthologs from less invasive treponemes, the orthologs from T. phagedenis (strain 4A; DD750 and DD751) and T. denticola (Tde0841 and Tde0840) were selected. Binding studies performed with Tp0750, pallilysin, and their orthologs showed a lack of binding of the orthologs to the host components fibrinogen, fibronectin, and laminin (Fig. 5) .
Similarly, degradation assays showed a clear difference in degradation potential exists between the T. pallidum proteins and the corresponding orthologs from the less invasive treponemes. For Tp0750 and orthologs, purified recombinant proteins were incu- bated with the host proteins fibrinogen, fibronectin, or laminin for 24 h at 37°C and degradation was analyzed by SDS-PAGE (Fig.  6A) . Tp0750 initiated degradation of the fibrinogen ␣-chain within 4 h postincubation, with complete degradation of the fibrinogen ␣-and ␤-chains by 24 h postincubation. Tp0750 also degraded the 220-kDa ␣-and ␤-chains of fibronectin (which migrate together in SDS-PAGE) between 4 and 24 h postincubation. DD750, Tde0841, and a negative-control protein (inactive pallilysin E 199 A) failed to degrade either host protein throughout the course of the 24 h experiments. Both fibrinogen and fibronectin were shown to be stable over 24 h when incubated at 37°C in the absence of recombinant proteins. None of the four recombinant proteins degraded laminin (data not shown).
To compare the host protein-degrading capabilities of pallilysin with orthologs from T. phagedenis (DD751) and T. denticola (Tde0840), fluorescence-based proteolytic assays were performed. Purified recombinant proteins were preincubated at 37°C to allow for proteolytic activation. Recombinant proteins were then incubated with the FITC-labeled host proteins fibrinogen, fibronectin, or laminin for 48 h at 37°C in the dark. Nondigested FITC-labeled protein substrates remain quenched due to the close proximity of the FITC labels in the intact substrates. Conversely, digestion of FITC-labeled protein substrates results in dequenching and increased fluorescence which was measured over the course of the experiments to determine whether the pallilysin orthologs were capable of degrading the three host proteins. As shown in Fig. 6B , pallilysin exhibited a statistically significant level of cleavage of fibrinogen (16 h postincubation, P Յ 0.0317; 48 h postincubation, P Ͻ 0.0001), fibronectin (12 h postincubation, P ϭ 0.0300; 48 h postincubation, P Ͻ 0.0001), and laminin (13 h postincubation, P Յ 0.0162; 48 h postincubation, P Ͻ 0.0001), compared to the degradation levels exhibited by DD751, Tde0840, and the negative-control recombinant protein (inactive pallilysin [E 199 A] ). These results demonstrate that Tp0750 and pallilysin from T. pallidum, but not orthologs from two less invasive treponemes, are capable of degrading host proteins under the conditions used in our in vitro host component degradation assays.
DISCUSSION
In the present study, we demonstrated that Tp0750 is almost identical to the ortholog from the causative agent of rabbit venereal spirochetosis, T. paraluiscuniculi. Tp0750 was found to be less conserved, but still highly similar, among orthologs from less invasive pathogenic treponemes, including treponemes contributing to the polymicrobial infections human periodontitis (T. medium, T. vincentii, T. putidum, and T. denticola) and bovine digital dermatitis (T. phagedenis and T. pedis). Tp0750 orthologs were also identified in two nonpathogenic treponemes, namely, the termite hindgut and bovine rumen commensals, T. azotonutricium and T. bryantii, respectively. However, the Tp0750 orthologs from these two noninvasive symbionts were found to exhibit low amino acid identities compared to orthologs from pathogenic treponemes. We also showed that almost 50% of treponemes whose genomes have been sequenced do not possess a Tp0750 ortholog. These Treponema species included (i) pathogens associated with periodontal infections (T. socranskii, T. maltophilum, and T. lecithinolyticum), (ii) a pathogen associated with bovine digital dermatitis (T. brennaborense), (iii) symbionts from bovine rumen (T. saccharophilum), swine intestine (T. succinifaciens), and termite hindgut (T. primitia), and (iv) a free-living thermophile (T. caldaria). Therefore, ϳ70% (9/13) of pathogenic treponemes were found to contain a highly conserved Tp0750 ortholog. Conversely, only ϳ33% (2/6) of nonpathogenic treponemes were found to possess a Tp0750 ortholog with low amino acid identity. These findings infer a positive correlation between Tp0750 relatedness and treponemal invasive capacity.
Interestingly, we also found low identity Tp0750 orthologs in four nonpathogenic, non-Treponema species, namely, Spirochaeta smaragdinae, Spirochaeta bajacaliforniensis, Spirochaeta cellobiosiphila, and Leptonema illini. These findings, together with the high FIG 5 Tp0750 and pallilysin, but not orthologs from T. denticola and T. phagedenis strain 4A, bind host proteins. Binding assays were performed to compare attachment of 2 g of each of recombinant Tp0750, pallilysin, Tde0841, DD750, Tde0840, and DD751 to 0.5 g of each of immobilized fibrinogen, fibronectin, and laminin. Average readings of triplicate wells are presented with bars indicating standard error, and the results are representative of three independent experiments. For statistical analyses, attachment to each host protein by Tp0750 and pallilysin was compared to attachment by the corresponding orthologs using a Student two-tailed t test. Tp0750 and pallilysin exhibited statistically significant levels of binding to all three host proteins (P Յ 0.0003) compared to the level of binding by the T. denticola and T. phagedenis orthologs.
conservation of Tp0750 orthologs in the majority of pathogenic treponemes and low conservation or absence in nonpathogenic treponemes, suggest Tp0750 orthologs are either in the process of being lost or have been lost in the nonpathogenic treponemes, as opposed to having been gained in the pathogenic treponemes, during the course of spirochetal evolution.
All Tp0750 orthologs from pathogenic treponemes were also predicted to possess MIDAS-containing vWFA domains. These domains are often involved in mediating protein-protein interactions and are frequently found in cell adhesion proteins (such as integrins), plasma proteins, and extracellular matrix-binding proteins (41) . The MIDAS motif coordinates a divalent metal cation that stabilizes protein-protein interactions (41, 42) . Consistent with MIDAS-containing vWFA domains, it was previously demonstrated that Tp0750 coordinates calcium (24) . The calciumcoordinating MIDAS-containing vWFA domain may be involved in mediating interactions of Tp0750 with host components, including the previously observed interactions of Tp0750 with the coagulation protein fibrinogen and the fibrinolytic protein annexin A2 (24) . The high level of amino acid conservation and the presence of potential protein interaction domains suggested that Tp0750 orthologs in treponemes that primarily cause localized infections may similarly function as adhesins. Although binding assays demonstrated a lack of binding capability to the substrates tested (fibronectin, fibrinogen, and laminin), the possibility exists that the Tp0750 orthologs selectively bind to alternative substrates that were not tested in the present study. MIDAS-containing and MIDAS-free vWFA domains were also predicted to be present in the low amino acid identity orthologs from the bovine rumen symbiont, T. bryantii, and the termite hindgut commensal, T. azotonutricium, respectively. These findings suggest the T. bryantii ortholog, but not the T. azotonutricium ortholog, may also have a protein-protein interaction function.
The N and C termini of Tp0750 share low amino acid conservation with the treponemal orthologs. Unlike Tp0750 and orthologs from the pathogens T. paraluiscuniculi and T. vincentii, and the nonpathogen T. bryantii, which are predicted to contain SpI cleavage sites, bioinformatic analysis in the present study failed to predict signal peptides in the N termini of the remaining orthologs. It is well established that subcellular localization is an essential aspect of protein function and that protein localization and function are codependent (43) . The potential differential subcellular localizations that we predicted here may differentiate ortholog function by regulating access to their respective colocalized molecular interaction partners during infection. In addition, we identified a proline-rich C-terminal region in Tp0750 and in the T. paraluiscuniculi ortholog (R 195 -D 223 ) that was absent in all other orthologs. The function of this region remains to be defined; however, the unique biophysical properties of proline residues contained within proline-rich regions (PRRs) have been demonstrated to be important in mediating protein-protein interactions in a wide array of biological systems (44, 45) . In addition to the potential vWFA-mediated protein interaction function common to all Tp0750 orthologs, it is possible that the unique C-terminal PRR of Tp0750 in T. pallidum and T. paraluiscuniculi provides these two systemic pathogens with additional host-interacting adhesive capabilities that are absent in less invasive pathogens and nonpathogens.
Unlike Tp0750, bioinformatic analysis in the present study indicated that pallilysin orthologs are found in all treponemes whose genomes have been sequenced and, with the exception of the T. paraluiscuniculi ortholog, amino acid conservation of the fulllength protein among treponemes is very low. Using a phylogenetic approach, we assessed the evolutionary relationship among treponemal pallilysin orthologs. This analysis demonstrated that the T. pallidum pallilysin sequence used to generate the tree is identical to the T. paraluiscuniculi orthologous sequence. This result is consistent with a comparative genomics study that demonstrated identical gene orders in the genomes of T. pallidum and T. paraluiscuniculi and a genetic identity of Ͼ99% in conserved regions (46) . Similar to T. pallidum, infection with T. paraluiscuniculi results in tissue invasion and systemic disease, with treponemes capable of disseminating from the initial site of infection (genitals) to distal sites, including eyelids, nose, lips, paws, and lymph nodes (47, 48) .
Phylogenetic analysis inferred that orthologous and identical sequences from T. phagedenis isolates are the next most closely related orthologs to T. pallidum. Although T. phagedenis was originally isolated from a human lesion, it is now considered to be a commensal of the urogenital tract of humans (49, 50) . In contrast, T. phagedenis isolates from cattle are considered pathogenic and are associated with digital dermatitis, an ulcerative disease of cattle that primarily affects the skin on the bulbs of the heel but can also result in lesions within the interdigital cleft of the hooves (38, 51) . Studies have shown that T. phagedenis migrates intercellularly deep within the epidermis and, if left untreated, digital dermatitis lesions eventually affect the whole hoof (52, 53) . Recent biochemical, molecular, and physiological characterizations, together with genome-wide comparisons of T. phagedenis strain F0421 and bovine T. phagedenis isolates (including strain 4A), indicated that the two spirochetes are almost identical in terms of biochemistry and genetics, leading to the conclusion that these bacteria belong to the same species and that the current description of T. phagedenis should be broadened to include both commensal strains of humans and pathogenic strains in cattle (54) .
Treponema pallidum pallilysin was estimated to be more distantly related to orthologs from the human oral pathogens T. vincentii, T. medium, T. denticola, T. lecithinolyticum, and T. socranskii, the bovine and porcine pathogen T. pedis, the termite hindgut symbiont T. primitia, the bovine commensal T. saccharophilum, molecular mass (MM) markers. All recombinant proteins failed to degrade laminin (data not shown). (B) Fluorescence-based 96-well plate degradation assays were performed to compare the host component-degrading capabilities of pallilysin, Tde0840, and DD751. Recombinant proteins (1 g per well) were added in triplicate to sterile 96-well plates and incubated with FITC-labeled fibrinogen, fibronectin, or laminin (10 g per well) at 37°C for 48 h in the dark. The degree of host component degradation was determined by measuring the increase in relative fluorescence units (RFU) every hour over 48 h using standard fluorescein excitation/emission filters. Average fluorescence intensity readings from triplicate measurements are presented with bars indicating the standard error (SE), and the results are representative of three independent experiments. For statistical analyses, host component degradation by wild-type pallilysin was compared to the highest fluorescence reading from either Tde0840, DD751, or Tp0751 E 199 A (negative control) using a Student two-tailed t test. Wild-type pallilysin exhibited a statistically significant level of fibrinogen (16 h postincubation; P Յ 0.0317), fibronectin (12 h postincubation; P Յ 0.0300), and laminin (13 h postincubation; P Յ 0.0162) degradation compared to the levels exhibited by Tde0840, DD751, and the negative-control protein. (55) . However, treponemal species are also present, albeit in low numbers, in the oral cavity of healthy individuals and thus represent members of the normal oral microbiota (55) . Thus, intriguingly, increased pallilysin evolutionary conservation positively correlates with enhanced treponemal dissemination capacity. It should also be noted that in our scaled phylogenetic tree, branch lengths are proportional to the evolutionary changes that are estimated to have occurred between nodes. The extended length of the T. pallidum/T. paraluiscuniculi branch in the current phylogenetic analysis demonstrates that, even within this phylogenetically distinct genus, the T. pallidum/T. paraluiscuniculi pallilysin sequence has diverged significantly from less invasive treponemal orthologs.
The expression of host-interacting adhesins/proteases by pathogenic bacteria is an important virulence mechanism that promotes host attachment, host protein degradation, tissue destruction, pathogen invasion, and dissemination of infection (56) (57) (58) . To date, the only host component binding/degrading adhesins that have been identified in T. pallidum are Tp0750 and pallilysin (23) (24) (25) . In the present study, we compared the adhesive/proteolytic capability of these two proteins with orthologs from the less invasive treponemes, T. denticola and T. phagedenis strain 4A, using in vitro host substrate binding and degradation assays. Tp0750 bound to fibronectin, fibrinogen, and laminin but degraded only fibrinogen and fibronectin, while pallilysin similarly bound to all three host components and exhibited proteolytic activity against all three. In contrast, binding to and degradation of laminin, fibrinogen, and fibronectin by the orthologs from the less invasive treponemes was not detected under the physical conditions utilized in our in vitro assays.
We also showed here that the predicted molecular masses of pallilysin orthologs from treponemes that are not strictly host associated to be at least 2-fold greater than pallilysin from T. pallidum and T. paraluiscuniculi. Bioinformatic analyses in the current study failed to provide insight into the potential function(s) of the extra N-and C-terminal regions in the larger pallilysin orthologs. It is possible that these extra protein regions perform ancestral functions in the less invasive treponemes. Due to the complex and rich intercellular host environments encountered by the strictly host-associated and highly invasive pathogenic treponemes during infection, these additional domains may have been rendered functionally redundant or unnecessary, resulting in loss during the course of treponemal evolution. Obligate pathogenic bacteria, such as T. pallidum, frequently undergo genomic reduction (59, 60) and compensate for this genetic loss by encoding "multitasking" proteins, thereby increasing protein functional complexity compared to orthologous proteins from bacteria that are not strictly host-dependent (59, 61) . The gain of an adhesion/protease-mediated function in the T. pallidum Tp0750 and pallilysin orthologs is consistent with increased protein functional complexity resulting from evolutionary genomic reduction and an obligate pathogenic lifestyle. In support of this, bioinformatic analyses predict that only pallilysin and the T. paraluiscuniculi and T. lecithinolyticum orthologs possess a predicted SpII cleavable signal sequence, indicating the potential for surface exposure of these proteins.
Isoelectric point analyses indicated that the isoelectric points of Tp0750 (9.1) and pallilysin (7.0) from T. pallidum and T. paraluiscuniculi differ greatly from most of the corresponding treponemal orthologs (6/11 Tp0750 ortholog pIs range from 5.1 to 6.2; 11/13 pallilysin ortholog pIs range from 4.9 to 6.1). Differences in the abundance of acidic and basic amino acids between the T. pallidum/T. paraluiscuniculi proteins and orthologs from less invasive treponemes may have arisen during adaptation to different subcellular localizations and/or habitats. This finding provides further support to the concept that the orthologs from the two highly invasive pathogens, T. pallidum and T. paraluiscuniculi, have diverged significantly from the less invasive treponemal orthologs during the course of evolution.
Fibrinogen is a key structural protein from the coagulation cascade and the primary component of fibrin clots. Fibronectin is a multifunctional extracellular matrix glycoprotein that plays a role in clot stabilization. It has been well established that clot formation is an important host defense process which facilitates bacterial containment (62) (63) (64) (65) (66) (67) . Laminin is an abundant glycoprotein component of both the blood-brain barrier and the basement membranes underlying endothelial cells, barriers which T. pallidum must penetrate during infection. After infection, T. pallidum invades the tissue barrier and rapidly disseminates to distant sites via the bloodstream. The ability of the T. pallidum Tp0750 and pallilysin orthologs to degrade host components may contribute to the ability of the bacterium to escape host-mediated containment and disseminate via the bloodstream and may partially account for the difference in the invasiveness of the treponemal species.
